A BST RACT : Background: Parkinsonisms are neurodegenerative disorders characterized pathologically by a-synuclein-positive (e.g., PD, diffuse Lewy body disease, and MSA) and/or tau-positive (e.g., PSP, cortical basal degeneration) pathology. Using R2* and quantitative susceptibility mapping, susceptibility changes have been reported in the midbrain of living parkinsonian patients, although the exact underlying pathology of these alterations is unknown. Objective: The current study investigated the pathological correlates of these susceptibility MRI measures. Methods: In vivo MRIs (T1-and T2-weighted, and T2*) and pathology were obtained from 14 subjects enrolled in an NINDS PD Biomarker Program (PDBP). We assessed R2* and quantitative susceptibility mapping values in the SN, semiquantitative a-synuclein, tau, and iron values, as well as neuronal and glial counts. Data were analyzed using age-adjusted Spearman correlations.
Results: R2* was associated significantly with nigral asynuclein (r 5 0.746; P 5 0.003). Quantitative susceptibility mapping correlated significantly with Perls' (r 5 0.758; P 5 0.003), but not with other pathological measurements. Neither measurement correlated with tau or glial cell counts (r 0.11; P ! 0.129). Conclusions: Susceptibility MRI measurements capture nigral pathologies associated with parkinsonian syndromes. Whereas quantitative susceptibility mapping is more sensitive to iron, R2* may reflect pathological aspects of the disorders beyond iron such as asynuclein. They may be invaluable tools in diagnosing differential parkinsonian syndromes, and tracking in living patients the dynamic changes associated with the pathological progression of these disorders. a-synuclein-positive Lewy bodies. Diffuse Lewy body (DLB) disease also frequently is diagnosed in postmortem studies and is manifested by a more diffuse spatial pattern of a-synuclein-positive Lewy bodies beyond the SN. PSP and MSA are two other common PS that have neuronal loss in different brain regions, including the BG, pons, cerebellum, and related structures. PSP characteristically has tau-positive inclusions in both glia and neurons, whereas MSA has glial cytoplasmic inclusions that are a-synuclein positive. Despite their distinctive pathological signatures, PS cause overlapping motor effects, including bradykinesia, rigidity, and/or tremor, probably attributed to shared dysfunction of BG-and cerebellar-related structures. Currently, there are no in vivo biomarkers to gauge these different pathological processes in the brain. This challenge has led to a lack of tools to accurately diagnose different PS, 2 understand their mechanistic underpinnings, and, ultimately, track disease progression and evaluate potential diseasemodifying neuroprotective therapies.
Iron has been implicated in a number of neurodegenerative processes, 2 including PD and Alzheimer's disease (AD). For example, higher iron content has been reported in the SN of PD patients 3, 4 and detected in plaques and tangles in AD. 5, 6 Using postmortem brain tissue from 6 PSP patients and 3 controls, Foroutan and colleagues 7 reported that PSP patients had higher iron burden in the cerebral peduncle and SN, a finding confirmed by ex vivo MRI. In addition, ex vivo MRI demonstrated higher R2* in the putamen and globus pallidus (GP) in PSP patients.
Biophysically, susceptibility MRI (R2* and quantitative susceptibility mapping [QSM]) can detect local magnetic susceptibility changes [8] [9] [10] [11] that are sensitive to metals like iron. 12 The apparent transverse relaxation rate (R2*) and QSM have been utilized to detect the distinct pathological patterns in PD, MSA, and PSP. [13] [14] [15] [16] [17] [18] [19] [20] In cross-sectional studies, both R2* and QSM have been shown to be increased in PD compared to controls. [21] [22] [23] Han and colleagues 24 studied 11 PSP, 12 MSA, 15 PD, and 20 controls and reported that both PSP and MSA subjects had increased iron content in multiple BG-and cerebellar-related structures, although they also observed that iron levels were significantly different in PSP compared to MSA subjects, particularly in the SN, GP, thalamus, and red nucleus (RN). These results offered potentially exciting evidence that susceptibly MRI may serve as a biomarker for PS, despite the fact that the exact pathological correlates of these MRI sequences are unknown. 25, 26 In the current study, we investigated whether these susceptibility MRI measurements obtained in vivo from a group of subjects as part of a PD biomarker study correlated with postmortem pathological findings in the SN, the latter the common location for neuronal loss, asynuclein, or tau pathologies for all major PS.
27-30 QSM captures purer susceptibility, and is a more selective marker for tissue iron, 8, 31 whereas R2* consists of both susceptibility and the transverse relaxation rate that is, possibly, influenced more by local cellular structural properties. 8, 32 Thus, we hypothesized that: (1) QSM may correlate most robustly with iron measurements and tau (which contains iron) and (2) R2* may reflect other PD-related pathological processes such as asynuclein and neuronal cell loss in additional to iron.
Materials and Methods

Subjects
Subjects were enrolled in an ongoing translational study aimed at developing biomarkers for PD and related disorders (the NINDS PD Biomarker Program [PDBP]). The cohort was recruited from a tertiary movement disorders clinic patient population or their spouses, and all patients were free of major neurological/medical issues other than PD or a parkinsonian syndrome (such as MSA or PSP). Pathological data were captured from subjects as they died. Fourteen subjects were included in the current analyses because complete in vivo MRI and postmortem pathological data were available by May 2017. Thirteen of the 14 subjects were clinically presumptive for a parkinsonian syndrome, and the other was the spouse of a patient who had chronic diabetes, hypertension, and neuropathy. The demographic and clinical information for the 14 subjects are detailed in Table 1 . In vivo MRI brain scans were collected from all subjects as part of the study protocol, in which patients were scanned on medication to maximize their comfort.
For parkinsonism patients, disease duration was defined as the number of years between the date of death and the date when a parkinsonian syndrome was first diagnosed by a medical professional. Postmortem pathological diagnosis was used as the final diagnosis for each patient. Written informed consent was obtained from all subjects or their legal representative in accord with the Declaration of Helsinki, and after approval by the Penn State Hershey Medical Center Internal Review Board.
Imaging Data Acquisition
Brain MRI Data Acquisition Brain MRIs were obtained from all participants using a 3.0-Tesla MRI system (Trio; Siemens Magnetom, Erlangen, Germany) with an eight-channel phased-array head coil. A three-dimensional (3D) magnetizationprepared rapid gradient echo with repetition time (TR) 5 1,540 ms, echo time (TE) 5 2.3 ms, and isotropic 1-mm voxels was utilized to acquire T1-weighted images. A fast-spin-echo sequence was used to obtain T2-weighted images with TR/TE 5 2,500/316, field of view (FOV) 5 256 mm 3 256 mm, matrix 5 256 3 256,
slice thickness 5 1 mm (with no gap), and slice number 5 176. T2*-weighted images (for QSM and R2*) were acquired using a multigradient-echo sequence with eight echoes (TE ranging from 6.2 to 49.6 ms and an equal interval of 6. 
Image Data Analysis
Estimation of R2* and QSM Measures R2* images were estimated by nonlinear curve fitting of the complex monoexponential equation ðSðT EÞ5S 0 e 2R2ÃTE e 2i2xTE Þ using the Gauss-Newton algorithm. QSM maps were generated by using the morphology-enabled dipole inversion with nonlinear formulation method. 33, 34 A head position fixation device installed in the head coil was used to reduce potential head motion. Image quality was evaluated by an MRI technologist during the scan and deemed to be free of severe motion artifacts.
Segmentation of the SN on MR Images
The SN was defined manually on T2-weighted images using ITK-SNAP 35 by an investigator blinded to subject identification. This region of interest (ROI) Abbreviations: AD, Alzheimer's disease; CBD, cortical basal degeneration; Diag, diagnosis; DOI, duration of illness; DLB, diffuse Lewy body disease; ET, essential tremor; F, female; M, male; MSA, multiple system atrophy; mths, months; PD, Parkinson's disease; PS, parkinsonian symptoms that are defined as bradykinesia, and rest tremor or rigidity; PSP, progressive supranuclear palsy; SN, substantial nigra; Syn, a-synuclein; y, years. c Parkinsonian symptoms (PS) are defined as bradykinesia, and rest tremor or rigidity. na, not applicable.
was defined as the kidney-shaped band between the red nucleus (RN) and cerebral peduncle in axial MRI sections, 23, 36, 37 as illustrated in Figure 1A ,B. The most superior extent of the SN segmentation was defined as one slice inferior to the axial section of the RN showing the largest radius. A total of six slices (from rostral to caudal) were used as the SN ROI. 35 Because there were no significant differences between left and right SN MRI measures, they were combined into one SN value. To save time and improve the repeatability of the ROI definition, an atlas-based segmentation (AutoSeg 3.1; Neuro Image Research and Analysis Laboratories, University of North Carolina at Chapel Hill, NC) was used to generate a rough segmentation before manual segmentation. 38 
Pathology Data Acquisition and Quantification
The brain was removed and placed in 10% buffered formalin for 48 hours before dissection and sample collection. All subjects were assessed using a standard neurodegenerative autopsy protocol, including extensive sampling of the brain according to published guidelines. 39 Tissue sections were formalin-fixed for an additional 24 hours before processing and paraffin embedding. SN blocks were cut into 5-lm-thick slices for pathological diagnoses and stained with hematoxylin and eosin, phospho-a-synuclein (hereafter referred to as asynuclein), and tau, all using standard pathological procedures. 39 Thioflavin S was used to assess neuritic plaques (see Fig. 1C ,D for representative images of asynuclein-and tau-positive stains, and typical plaques/ tangles). SN a-synuclein was evaluated on a scale of 0 or 1, with 0 representing the absence of any staining and 1 the presence of staining. Tau SN pathology was assessed using a semiquantitative approach whereby sections were coded on a scale from 0 to 3, with 0 representing no tau, 1 representing low tau levels, 2 representing moderate tau levels, and 3 representing ubiquitous tau levels. Final pathological diagnoses were obtained according to the intensity and distribution of neuronal cell loss, a-synuclein, tau, and neuritic plaques based on published guidelines. 39 SN iron staining was evaluated according to the method of Perls. Briefly, 30-lm-thick SN sections were heated in a 508C oven for 20 minutes before deparaffinizing in xylenes, followed by hydration through an ethanol gradient. Sections were washed in distilled water, which was followed by levels. Significant findings are in bold italics and trends in italics. The diagnosis for each subject is noted above the correlation graphs. [Color figure can be viewed at wileyonlinelibrary.com]
incubation in freshly prepared Perls' solution, consisting of 10% potassium ferrocyanide with 10% hydrochloric acid in a 2:1 ratio, for 30 minutes. Sections were washed with distilled water, dehydrated in 100% ethanol, and then placed in xylenes before coverslipping. A representative image of Perls' staining is seen in Figure  1E . Iron extent and intensity were evaluated using a grading scale from 0 to 4, in which 0 represented absence of iron staining, 1 denoted rare cell staining, 2 represented moderate/frequent cell staining, 3 represented heavy cell staining, and 4 represented > 90% cell staining. A composite score for iron staining was calculated by multiplying intensity by extent. Cell counts for neurons and glia were obtained using five high-powered fields (4003) within the SN (see Fig. 1D for representative images of SN neurons and glia).
Statistical Analysis
Initial descriptive correlations between raw MRI (R2* and QSM) and pathology (a-synuclein, tau, neuronal and glial counts, and iron levels) measurements were assessed using the Spearman correlation coefficient without adjustment for potential confounders. Because there were only two groups for a-synuclein (presence or absence), Spearman correlation analysis for a-synuclein is equivalent to the two-sample Wilcoxon rank-sum test.
We then conducted a multiple regression analysis using the step-wise selection method to explore which clinical and pathological data contributed significantly to the susceptibility MRI measurements. These analyses indicated that age was an important factor for both the R2* and QSM measures. As a result, we adjusted for age when we conducted our partial Spearman correlation analyses assessing the relationship between MRI and pathology measurements. Significance was defined as P < 0.05. All statistical analyses were performed using SAS software with two-sided a values (version 9.3; SAS Institute Inc., Cary, NC).
Results
Subject Description
Demographic, clinical information, date of MRI, time interval between MRI and death, postmortem data collection, and pathological diagnosis for the 14 subjects are presented in Table 1 . In vivo MRI imaging was obtained in patients with an average disease duration of 9.1 6 5.8 years (range, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and at a mean age of 76.1 6 7.4 years (range, 63-91). The average time interval from in vivo MR imaging to death was 17.1 6 11.5 months (range, 0-47). Pathological diagnoses included PD (n 5 4), DLB (n 5 3), PSP (n 5 3), MSA (n 5 1), and cortical basal degeneration (CBD; n 5 1). Two subjects did not have parkinsonism diagnoses, but pathology of one showed mild atrophy, whereas the other had mild AD-related changes.
Relationship Between Raw Susceptibility Imaging Measures and Nigral Pathology
The scatter plots of raw pathology and MRI data, along with unadjusted Spearman correlation results, are presented in Figure 1F to O. a-Synuclein (presence or absence) was associated significantly with R2* values (R 5 0.647; P 5 0.019; Fig. 1F ) and Perls' staining (iron) was correlated significantly with QSM values (Fig. 1O) . The associations of R2* with neuronal cell counts (R 5 20.531; P 5 0.053; Fig. 1H ), iron staining (Perls'; R 5 0.505; P 5 0.068; Fig. 1J ), glial cell count (R 5 20.050; P 5 0.868), and tau (R 5 0.245; P 5 0.395) were not statistically significant.
Multiple Regression Analyses
With
Step-wise Selection
To identify which clinical and pathological data contributed to the MRI measures, we conducted a multiple regression analysis using the step-wise selection method. Age (P 5 0.006) and a-synuclein (P 5 0.012) were identified to be associated significantly with R2*, whereas iron staining (Perls'; P 5 0.031) was identified to be associated potentially with QSM.
Partial Spearman Correlation Analyses
As seen in Table 2 , SN a-synuclein was associated significantly with R2* values (R 5 0.747; P 5 0.003) using partial Spearman correlation analysis adjusted for age. The relationship was strengthened compared to analysis of the raw data (Fig. 1) . The associations between R2* and SN neuron cell counts (R 5 20.511; P 5 0.075) did not reach statistical significance, similar to the raw data analysis (Fig. 1) . Adjustment for age weakened the relationship between iron and R2* values (R 5 0.443; P 5 0.129), but did not influence the strong QSM-iron association (R 5 758; P 5 0.003). 
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Multiple Regression and Partial Spearman Correlation Analyses Excluding Subjects Without Parkinsonism Diagnoses
The purpose of the study was to investigate whether MRI captures pathological changes associated with parkinsonian syndromes, given that this information may guide clinical diagnosis of disease and clinical research (such as enrolling subjects for clinical trials). Thus, we purposely included 2 subjects without a pathological diagnosis of parkinsonism in the design of our analyses. It may be useful, however, to determine whether MRI can capture changes within parkinsonian patients. We thus excluded the 2 subjects without a pathological diagnosis of a parkinsonism and reanalyzed the correlation data. The results remained largely unchanged. Namely, multiple regression analyses identified that age was associated significantly with R2* (P 5 0.011), but not with QSM (P 5 0.094). a-Synuclein (P 5 0.091) and iron (P 5 0.070) did not reach statistical significance for either R2* or QSM. For the partial Spearman correlation adjusted for age, a-synuclein remained significantly correlated with R2* values (R 5 0.603; P 5 0.049; Supporting Table 1 ) and Perls' staining was associated significantly with QSM values (R 5 0.775; P 5 0.005).
Discussion
The results from the current study demonstrate that R2* and QSM may capture different pathological processes in the SN of PS patients. Specifically, as expected, R2* and QSM correlated positively with iron, whereas R2* was associated with pathological processes beyond iron such as a-synuclein. Together, these data support that susceptibility imaging may reflect one or a combination of nigral pathologies. Larger studies are warranted to test these hypotheses more rigorously, and may assist in the diagnosis of different PS, subject selection for clinical trials, and tracking in vivo progression (see companion article 40 ).
SN Susceptibility and Iron Measures
Traditionally, R2* and QSM have been utilized to reflect iron accumulation in tissue, 8, 21, 31, [41] [42] [43] and iron is known to accumulate in the SN of PD patients, particularly in the later stages. 21, 23, 44, 45 It has been suggested that QSM is a better tissue iron marker because it captures purer susceptibility. 8, 31 Indeed, in a recent study of 13 postmortem subjects, Langkammer and colleagues 46 reported that QSM in gray matter structures was strongly and linearly correlated with iron content measured by inductively coupled plasma mass spectrometry (r 5 0.84). This is consistent with our data showing that the association between iron and QSM is stronger than that between iron and R2*. Together, these data support that susceptibility MRI, particularly QSM, may mark iron accumulation, potentially tracking its changes in patients with different disease stages (see companion article 40 ). It is interesting to note that increases in QSM (and possibly R2*) occur only after a certain threshold of iron positivity is detected by Perls' staining (Fig. 1O) . The exact reasons for this are unclear, but may suggest that susceptibility MRI is insensitive to lower tissue iron levels. Our current quantification of iron staining is based on a categorical grading scale rated by an experienced neuropathologist. Moreover, we did not have sufficient data to explore this threshold or to compare QSM (and R2) across each level of Perls' staining (as would be possible with a larger sample size). Future studies are needed that have better tissue iron quantification to delineate the detection threshold for susceptibility MRI, as well as to utilize larger sample sizes to explore these relationships.
R2* Also May Reflect a-Synuclein
The pathological hallmark of PD and MSA is the presence of a-synuclein. Currently, in vivo methods to reflect a-synuclein pathology are sorely needed. Biofluid assays suggest a-synuclein decreases in cerebral spinal fluid samples from PD patients, 47 although this measure does not capture spatial information or differentiate PD from parkinsonism disorders. The current study provides the first data suggesting that R2* may reflect this key nigral pathology in living patients. The exact reason why R2* captured a-synuclein is unclear, but may be related to oligomers within Lewy bodies and neurites (reviewed in a past work 48 ) that interfere with cellular function, altering the transverse relaxation properties. Neuroimaging that can reflect the pattern of a-synuclein pathology not only will help differentiate PS, but it also may help in tracking disease progression 40 and differentiating PS because of the spatial and temporal pattern of the pathology.
Potential Implications for Clinical Practice and Translational Research
Although extensive literature, including our own, suggested that several MRI modalities may gauge pathology associated with neurodegenerative processes in parkinsonian syndromes, 21,49-51 the current study is the first demonstration of this phenomenon in this population. Longitudinal studies of these MRI measurements may have important implications for understanding dynamic changes, and guiding the mechanistic understanding of parkinsonism-related pathologies as they unfold in living people (see companion article 40 ). Parkinsonian syndromes cause overlapping motor effects, including bradykinesia, rigidity, and/or tremor
at rest, probably attributed to shared dysfunction of BG and related structures. This makes differential diagnoses among parkinsonism patients challenging clinically, especially in early disease stages. A recent study by Adler and colleagues 1 reports that upon first visit to a movement disorder center, of patients with a possible or probable PD diagnosis and a disease duration less than 5 years, only 53% had neuropathologically confirmed PD. The clinical diagnoses after the initial neurologist evaluation for our patients largely were incorrect (see Table 1 ), and even worse than Alder's report. This probably is attributed to the fact that most of our patients first were evaluated by a general neurologist rather than a movement disorder specialist; this underscores the challenge of diagnosing parkinsonian syndromes in a clinical setting. Misdiagnosing patients not only has a negative impact on patient management and consulting, but it also affects disease-modifying drug trials that typically focus on early-stage PD patients. 52, 53 Confirmation of the current findings may lead to improved MRI biomarkerguided diagnoses in early parkinsonian patients.
Limitations of Our Study and Future Directions
Our study has several limitations. First, although the sample size is relatively large for a pathology study, our study is still very small and has modest statistical power for studying relationships like R2*-iron, R2*-neuronal cell count, and QSM-tau. Second, neuronal and glial cell counts were assessed on single SN sections, similar to previous human studies. 54, 55 Cell counting at the midportion of the SN has been reported to provide a good estimate of neuronal loss in the SN. 56, 57 This method, however, may be biased by brain tissue shrinkage and/or uneven neurodegeneration across the region. Previous studies indicate that PD SN neuronal loss is greatest in the midportion, and this may overestimate cell loss using the single section as opposed to a stereological approach. 56 Third, the exact form of iron detected using MRI approaches is unknown. 8 Langkammer and collegaues 46 postulated that most of the iron in the brain is bound to ferritin based on theoretical considerations of ferritin magnetism. Perls' staining measures total iron and cannot differentiate the form of iron. Thus, further studies are needed to determine whether there are differential correlations between individual susceptibility metrics and distinct forms of iron. Fourth, as standardized pathological procedures, ROIs such as the SN are carved out and pathological evaluations are performed on these individual regions. This process does not preserve the spatial information and renders us unable to separate different nigral regions such as the pars compacta or reticulata as can be done for an in vivo imaging study (see companion article 40 ). Future studies should focus on voxel-based MRIpathological correlations with 3D histological data. Finally, the current study was limited to the SN, but it is known that pathology in PS is more widespread. As such, evaluation of other regions is necessary in order to gain a more holistic view of MRI-pathology correlates, such as a recent study demonstrating a-synuclein pathology in cerebellum-related structures in PD and DLB patients. 
